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When the transmission/disequilibrium test (TDT) is applied to multilocus haplotypes, a bias may be introduced in
some families for which both parents have the same heterozygous genotype at some locus. The bias occurs because
haplotypes can only be deduced from certain offspring, with the result that the transmissions of the two parental
haplotypes are not independent. We obtain an unbiased TDT for individual haplotypes by calculating the correct
variance for the transmission count within a family, using information from multiple siblings if they are available.
An existing correction for dependence between siblings in the presence of linkage is retained. To obtain an unbiased
multihaplotype TDT, we must either count transmissions from one randomly chosen parent or count all trans-
missions and estimate the signiﬁcance level empirically. Alternatively, we may use missing-data techniques to estimate
uncertain haplotypes, but these methods are not robust to population stratiﬁcation. An illustration using data from
the insulin-gene region in type 1 diabetes shows that the validity and power of the TDT may vary by an order of
magnitude, depending on the method of analysis.
The transmission/disequilibrium test (TDT) detects the
simultaneous presence of linkage and association be-
tween a marker and a susceptibility locus and is robust
to population stratiﬁcation (Spielman et al. 1993). The
test, as originally proposed, considers the transmission
of an allele from a heterozygous parent to an affected
offspring, comparing the total transmission count to that
expected under Mendelian segregation; that is, if T de-
notes the number of times that the allele is transmitted,
and if U denotes the number of times that it is not trans-
mitted, then has a x2 distribution on2(TU) /(TU)
1 df, under the null hypothesis of no linkage or
association.
One may wish to apply the TDT to haplotypes of two
or more loci if, for example, the informativity of the
markers is low or variable (Kruglyak 1999) or if hap-
lotype-speciﬁc associations are suspected (Cucca and
Todd 1996). However, haplotype information is not usu-
Received January 25, 2000; acceptedMarch 30, 2000; electronically
published April 13, 2000.
Address for correspondence and reprints: Dr. Frank Dudbridge,
Wellcome Trust/MRC Building, Addenbrookes Hospital, Hills Road,
Cambridge CB2 2XY, United Kingdom. E-mail: frank.dudbridge
@cimr.cam.ac.uk
 2000 by The American Society of Human Genetics. All rights reserved.
0002-9297/2000/6606-0034$02.00
ally available, and the parental gametic haplotypes must
be deduced from genotype information. In some cases,
the haplotypes are ambiguous, and the family must be
discarded from the analysis. A necessary condition for
haplotype ambiguity is that there is a locus for which
both parents and offspring have the same heterozygous
genotype and another locus for which both parents and
offspring do not have the same homozygous genotype.
This condition is not always sufﬁcient, since, in some
families, the speciﬁc haplotype analyzed may not be am-
biguous, but we prefer this condition, since it allows the
most general analysis.
As the number of loci increases, the information loss
due to haplotype ambiguity increases rapidly (Hodge et
al. 1999). Furthermore, when the TDT is used, the prob-
lem is not limited to loss of information from these fam-
ilies. We show here that, in some families for which
haplotypes are known, a potentially serious bias is in-
troduced into the TDT if the loss of information from
families with ambiguous haplotypes is not taken into
account.
The bias applies both to the TDT applied to an in-
dividual haplotype and to its extensions, which test all
haplotypes simultaneously. For single-haplotype TDT,
we give a modiﬁcation to the scoring that gives an un-
biased x2 statistic. The correction for multihaplotype
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tests is not as straightforward, and we give some alter-
native strategies. We ﬁrst give an example of a situation
in which bias is introduced into the TDT when the anal-
ysis includes every case in which parental haplotypes are
known.
Consider two diallelic loci, with alleles A and a at the
ﬁrst locus and alleles B and b at the second locus. Sup-
pose that we observe one parent with genotypes AA and
Bb, the other parent with genotypes Aa and Bb, and the
offspring with genotypes AA and BB. Then we know
that the A-B haplotype has been transmitted twice; how-
ever, the two transmissions are not independent, con-
ditional on deduction of this gametic haplotype in both
parents. To see this, note that there are four possible
offspring consistent with both parents having an A-B
haplotype. These have genotypes AA-BB, Aa-Bb, AA-
bB, and Aa-bb. But A-B can only be deduced in both
parents when the ﬁrst and fourth of these offspring are
observed, so the transmission count of A-B can only be
2 or 0.
We condition on deduction of the haplotypes because
the problem is one of how to score the two observed
transmissions. Therefore, we do not need to consider
recombination between the loci (Lazzeroni and Lange
1998). The expected transmission count of A-B in this
family is 1, and its variance is 1. But, for a single parent,
the transmission count for a haplotype is 0 or 1, so the
expected transmission count is , with variance . When1 12 4
the two parents are independent, the expected count is
therefore 1, with variance . Since, in this example, the12
variance is 1, we expect an increase in type 1 error when
the analysis includes every case with known haplotypes.
Curtis and Sham (1995), Curtis (1997), and Knapp
(1999) have shown that bias may be introduced into the
TDT when genotype data are missing. Ambiguous hap-
lotypes are another form of missing information that
may bias the TDT. However, simply discarding the fam-
ilies that cause bias may result in considerable loss of
data, particularly with diallelic marker loci. Following
Knapp (1999), we construct an unbiased TDT including
all transmissions of known haplotypes.
For each parent-offspring trio i, let Ti be the observed
number of transmissions of the haplotype in question.
Let ei and vi be the expectation and variance of Ti under
the null hypothesis, conditional on deduction of the pa-
rental haplotypes. Then, has approxi- (T  e )/ Vi i
mately the standard normal distribution under the null
hypothesis, where . If T and U denote, respec-V =  vi
tively, the total transmission and nontransmission counts
for the haplotype, then it follows that has2(TU) /4V
approximately a x2 distribution on 1 df.
If there are no loci for which the parents are doubly
heterozygous, then haplotypes can always be deduced,
and each heterozygous parent contributes to V. When14
this is the case for all parent-offspring trios, the usual
TDT statistic is obtained.When there is a locus forwhich
the parents are doubly heterozygous and there is another
for which they are not doubly homozygous, the hap-
lotypes may not be deduced from some offspring, but,
if we assume that there is no recombination between the
loci, then it may be possible to deduce them from ad-
ditional offspring. If we assume that transmissions to all
offspring are independent, then we can calculate vi as
follows.
Let n be the number of offspring in the family, so that
there are 4n possible sibships. In general, there are 2n
sibships for which parental haplotypes cannot be de-
duced from any offspring, so there are cases inn n4  2
which the haplotypes can be deduced. We ﬁrst consider
a haplotype present in both parents. The expected trans-
mission count to one offspring is 1. The observed count
Ti is 2 when the offspring is homozygous for this hap-
lotype, which occurs in of the possible sibships;n14
when the haplotype is not transmitted by eitherT = 0i
parent, which also occurs in sibships; otherwise then14
observed count is 1. Thus, the variance vi for this trio
is .n1 n n2 7 4 /(4  2 )
For a haplotype present in only one parent, the ex-
pected transmission count is . The observed count Ti
1
2
is either 0 or 1 for each of the sibships with known
haplotypes, so the variance vi is . This is the same var-
1
4
iance as occurs when there is no haplotype ambiguity,
so no bias would be introduced into the TDT in this
case. Thus, for TDT applied to individual haplotypes,
the only situation that biases the test is when (a) parents
are doubly heterozygous at some locus and are not dou-
bly homozygous at another and (b) the same haplotype
is deduced in both parents.
To combine the TDT for individual haplotypes into a
single test, Spielman and Ewens (1996) and Cleves et al.
(1997) have proposed the test of marginal homogeneity
(Tmh), calculated by summing the TDT statistic for each
haplotype and scaling the sum by , where m(m 1)/m
is the number of haplotypes. The scaling factor accounts
for dependence of the TDT between the different hap-
lotypes, but, when there is possible haplotype ambiguity,
an additional source of dependence is introduced. Since
haplotypes can be deduced only when the offspring is
homozygous at the locus for which the parents are dou-
bly heterozygous, the transmissions of the two haplo-
types are not independent, regardless of whether the
same haplotype is deduced in both parents. Thus, al-
though valid x2 statistics may be constructed for the
individual haplotypes, Tmh will not necessarily be valid.
Furthermore, the extended TDT (Sham and Curtis
1995a), which is another commonly used multiallelic
TDT, is a likelihood-ratio test that cannot use our un-
biased scoring. Thus, for the multihaplotype TDT, the
test may be biased by any family with parents doubly
heterozygous at some locus and not doubly homozygous
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at another locus. In these cases, we may ensure validity
of the x2 distribution by counting transmissions from
one randomly chosen parent. Alternatively, we may
count all known haplotype transmissions and useMonte
Carlo procedures to estimate the signiﬁcance level em-
pirically (Sham and Curtis 1995b; Cleves et al. 1997;
Kaplan et al. 1997).
When the TDT is used as a test of linkage in the
presence of association, all affected siblings may be re-
garded as independent, so haplotypes may be deduced
from all available siblings; however, if the TDT is used
as a test of association in the presence of linkage, the
transmissions to multiple affected siblings are not in-
dependent (Spielman and Ewens 1996). Cleves et al.
(1997) and Martin et al. (1997) have proposed a test
(Tsu) in which transmissions are counted only from par-
ents transmitting the same allele (here, haplotype) to all
affected siblings. This approach may be retained here,
with the aforementioned caveat for the multihaplotype
test. If an additional affected sibling allows haplotypes
to be deduced, he or she can have, at most, one haplotype
in common with an ambiguous offspring. If that hap-
lotype is transmitted to all affected siblings, then we
count 1 transmission, with . Unaffected siblings1v = 4i
may be considered independently, as before.
Although these methods give an unbiased test for
known haplotype transmissions, they do not deal with
cases in which haplotypes are unknown; these data must
still be discarded. An alternative approach for missing
information has been given by Clayton (1999), who es-
timates parental haplotype frequencies and constructs a
likelihood taking all possible solutions into account.
This approach uses all the available information and is
expected to have greater power than the methods given
here. However, it can be very computationally intensive
and forfeits an attraction of the TDT—namely, the free-
dom from population modeling. Consequently, the
method is not robust to population stratiﬁcation. If the
strata are known, then we may estimate haplotype fre-
quencies within each stratum, but one of the main rea-
sons for preferring family-based association studies to
the case-control design is that the structure of the pop-
ulation may be unknown (Falk and Rubinstein 1987).
Nevertheless, when the issues of stratiﬁcation and com-
putation are not signiﬁcant, the “Transmit” program of
Clayton (1999) may be preferred to the presentmethods.
To illustrate these methods, we considered the trans-
mission of the haplotype consisting of the “” allele of
the INS23/HphI SNP on chromosome 11p15 and the
“Z” allele of the HUMTH01 microsatellite located
∼9,000 bp from the INS ATG codon. Association of
this protective haplotype with type 1 diabetes has been
demonstrated in 198 U.K. families (Bennett et al. 1995),
but the signiﬁcance of the association varies according
to the analysis used. The haplotype was certainly trans-
mitted 41 times and was certainly not transmitted 103
times. The unbiased signiﬁcance was ,6P ! 3.4# 10
but the usual TDT calculation gives . This7P ! 2.4# 10
shows that incorrect scoring may affect the validity and,
hence, the interpretation of the P value, by an order of
magnitude. The standard TDTmay be used if all families
with doubly heterozygous parents are discarded; in this
case, we obtained 35 transmissions and 61 nontrans-
missions, giving . On the other hand, the ap-P ! 0.008
proach of Clayton (1999), which uses all the data, gives
. Therefore, the power of the TDTmay also6P ! 2# 10
be strongly affected by the method of analysis (software
implementing unbiased TDT for haplotypes of arbitrary
length is available from the authors, either at Internet
site ftp://ftp-gene.cimr.cam.ac.uk/pub/software or via the
following e-mail address: frank.dudbridge@cimr.cam
.ac.uk).
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